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Sediment cores were recovered from Stella Lake and Baker Lake, sub-alpine lakes located in Great Basin
National Park, NV, in 2005 and 2007, respectively. The cores were analyzed for subfossil chironomid
(Insecta: Diptera: Chironomidae) remains. Chronologies for the sediment cores, developed using 2'°Pb,
indicate the cores span the 20th century. The midge communities present in the lakes experience muted
compositional change through much of the 20th century; however, the post-AD 1980 interval is notable
due to rapid lake-specific faunal turnover. The recently deposited sediment in Baker Lake is characterized
by decreases in the relative of abundance of Psectrocladius semicirculatus/sordillelus, Cladotanytarsus
mancus group and Procladius, the local extirpation of Chironomus, and an increase the proportion of
Sergentia, Tanytarsus type G and Tanytarsus type B. The Stella Lake midge community experienced a shift
post-AD 1990 from an assemblage dominated by Tanytarsus type G to a P. semicirculatus/sordillelus
dominated community. Application of a chironomid-based inference model for mean July air tempera-
ture (MJAT), based on a calibration set developed for the Inter-Mountain West of the United States
consisting of 79 lakes and 54 midge taxa (rfack:O.SS °C, RMSEP = 0.9 °C, maximum bias = 1.66 °C),
provided a means to reconstruct the 20th century temperature regime for the region. Stella Lake and
Baker Lake experience large fluctuations in MJAT during the early to mid-20th century and consistently
above average temperature during the late-20th century. The chironomid-inferred MJAT reconstructions
for Stella Lake and Baker Lake track observed July temperature in the region encompassed by Nevada
Climate Division #2 during the late-20th century.

© 2009 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

Climate models suggest that global surface temperatures will
increase between 1.4 °C and 5.8 °C by AD 2100 and that mean sea-
level will increase between 0.10 and 0.90 m during the same interval
(Intergovernmental Panel on Climate Change, 2007). These global
averages do not capture the inherent spatial variability that exists in
the climate system; they pay little attention to the significant and
differing responses that will occur at the regional level. Continental
and regional-scale climate models have been developed for North
America (North American Regional Climate Change Assessment
Program, 2007; Seager et al., 2007) but the spatial resolution of these
models may not be sufficient to accurately capture the climate
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dynamics associated with the complex topography of regions such
as the Great Basin (Leung et al., 2003).

Freshwater resources in the Great Basin of the United States
have come under increasing pressure due to a sustained drought
(MacDonald, 2007) and rapid population growth (U.S. Census
Bureau, 2008). Reduction in the base stream-flow of the Colorado
River from 20 million acre feet per year at Lee’s Ferry in 1995 to
9 million acre feet per year in 2004 (USBR, 2008) in conjunction
with population growth has led the Southern Nevada Water
Authority (SNWA) to turn its attention northward to the central
Great Basin where a system of basin and range carbonate-rock
aquifers exist. The proposed withdrawal of 200,000 acre feet of
water will result in significant alterations to the eastern Great
Basin’s surface and sub-surface hydrology (Deacon et al., 2007).
Changes to hydrology arguably comprise the most critical regional
impact of global climate change to the Inter-Mountain West of the
United States. Reconstructing the regional and sub-regional
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Fig. 1. Location of Stella Lake and Baker Lake. Great Basin National Park (GBNP) indicated by white circle. Inset Map: Area encompassed by Nevada Climate Division #2 outlined in

black. Coring location indicated by X.

responses of Great Basin hydroclimatology to climate dynamics in
the recent past, i.e. 21st and 20th centuries, and over the late
Holocene (last 2000 years) will provide valuable insight to the
nature of future local responses to climate change.

It is increasingly recognized that high-elevation and high-lati-
tude regions are responsive and extremely sensitive to climate
change (Smith et al., 2005; Smol et al.,, 2005; Westerling et al.,
2006; Barnett et al., 2008). The increases in surface temperature
that are projected to occur as a result of global warming will impact

the chemical and physical limnology of high-altitude lakes as well
as the biota currently present in these lakes (Melack et al., 1997;
Wolfe et al., 2003; Nydick et al., 2004; Parker et al., 2008). However,
alpine lakes, due to their remoteness, tend to be poorly monitored
with limited faunal distributional data collected and few or no
instrumental climate records available. Using a paleolimnological
approach to study the modern distribution of aquatic fauna in high-
elevation lakes will help to establish ‘baseline’ conditions against
which the effects of projected warming in these regions can be
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Table 1
Selected environmental characteristics of Stella Lake and Baker Lake measured at
time of sediment collection.

Environmental variable Stella Lake Baker Lake
Elevation (m a.s.l.) 3150 3194
Depth (m) 2.50 1.60
Surface area (ha) 3.0 35
Secchi depth (m) Unlimited Unlimited
pH 7.23 6.87
Specific conductivity (uS/cm) 21 34
Dissolved oxygen (mg/L) 8.02 8.89
Measured SWT (°C) 13.80 14.20
Average July SWT (°C) 17.33? 15.95%
Measured July AT (°C) 16.06° 16.35¢

SWT = surface water temperature, AT = air temperature.
2 Average measured SWT for July 2007.
b MJAT for July 2006 and July 2007.
€ MJAT for July 2007.

evaluated. In addition, understanding the magnitude and range of
past climate variability is vital for predicting future water avail-
ability and secondary ecological responses to climate change.

In this paper we develop a midge-based inference model for
mean July air temperature (MJAT) specific to the Inter-Mountain
West of the United States. In complex topographic environments,
such as those that typify this region, it is often difficult to obtain the
air temperature estimates that are required to constrain calibration
sets (Porinchu et al., 2002, 2007a). We incorporated PRISM-derived
air temperature values for MJAT to develop the midge-based
inference model. This inference model was applied to the subfossil
midges’ remains extracted from two short cores recovered from
sub-alpine lakes in Great Basin National Park (GBNP) to reconstruct
the 20th and early 21st century air temperature regimes for this
region. These reconstructions are compared to nearby climate
division data to assess their quality. In addition, the midge stra-
tigraphies are compared to previous chironomid studies from the
Inter-Mountain West to determine whether a regionally synchro-

2. Study area

Great Basin National Park is located in the Snake Range in the
central Great Basin (Fig. 1). The Great Basin is an arid region
distinguished by a basin and range structure with north-south
trending valleys and mountains and interior drainage. This region,
characterized by considerable climatic heterogeneity from east to
west and north to south, receives most of its precipitation during
the winter months as snow, with lesser amounts of precipitation
associated with summer thunderstorms (Western Regional Climate
Center, 2008). Elevation is the primary control on temperature and
precipitation; however, precipitation is highly variable due to local
and regional effects such as rain shadow, aspect, and monsoon
status (Shin et al., 2006). High elevations (~3000 m) in GBNP are
characterized by annual temperatures that range from 13.5 °C in
summer to —7.0 °C in winter (Western Regional Climate Center,
2008). Lower elevations (~2070 m, Great Basin National Park Co-
op Station) experience annual temperatures that range from
20.0 °C in summer to —1.0 °C in winter (Western Regional Climate
Center, 2008).

The bedrock geology characterizing GBNP consists primarily
of Cambrian quartzite, Paleozoic Miogeoclinal deposits, Jurassic
granitic plutons, and Quaternary alluvial and glacial deposits
present locally (Miller and Grier, 1995). The two study sites,
Stella Lake and Baker Lake, are small (~3.0ha), relatively
shallow (1.60-2.50 m), circum-neutral (pH= ~7.0) and fed
primarily from snowmelt with lesser contributions from
groundwater. Selected limnological measurements for both lakes
are available in Table 1. Stella Lake, situated at 3150 m asl, is
underlain by Cambrian quartzite with late Quaternary glacial till
present at the surface (Whitebread, 1969). Baker Lake is located
at 3194 m asl beneath a steep, east-facing headwall. The Baker
Lake catchment is dominated by Cambrian quartzite, with
a small outcrop of Jurassic age quartz monzonite present (Miller
and Grier, 1995). The surface geology surrounding Baker Lake

nous response in faunal turnover is evident in sub-alpine lakes in consists of late Quaternary alluvium and glacial deposits
this region. (Whitebread, 1969). The composition of the vegetation
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Fig. 2. Distribution of Inter-Mountain West training set lakes (Porinchu et al., 2007a) and digital output of the PRISM data for mean July air temperature (MJAT).
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Fig. 3. 219Pb chronologies for (a) Stella Lake and (b) Baker Lake, utilizing the constant rate of supply model (CRS) and sedimentation rates. SE = standard error.

communities in the vicinity of the study sites is a function of
steep climate gradients (Eaton, 1982). High elevations (>2400 m)
are dominated by Picea engelmannii (Engelmann spruce), Pinus
flexilis (limber pine) and Picea longaeva (bristlecone pine) up to
treeline, with alpine tundra present on isolated mountain
summits, such as Wheeler Peak, Mount Washington, and Jef-
ferson Davis Peak.

3. Methods

Sediment cores were recovered from Baker Lake and Stella Lake
in August 2007 and August 2005, respectively, from the approxi-
mate center of each lake using a mini-Glew sediment corer (Glew,
1991). The sediment-water interface appeared to be undisturbed
during sediment recovery, suggesting the flocculent uppermost
sediment was obtained. The sediment cores measured 18.50 cm for
Stella Lake and 12.75 cm for Baker Lake. The Stella Lake core was
sectioned in the field at 0.50 cm intervals; the Baker Lake core was
sectioned at 0.25 cm intervals. The sediment was stored in Whirl-
paks and kept cool and in the dark during transport to the lab at The
Ohio State University.

Measurement of limnological variables, such as surface water
temperature, dissolved oxygen, salinity, specific conductivity and

conductivity were made at the time of sediment collection using
a YSI 556 multi-meter (Table 1). Secchi depth, max depth and
temperature profiles (YSI) were also recorded at this time.
In addition, detailed temperature profiles were recorded using
micro-T temperature loggers (Nexsens Incorporated). Average July
surface water temperatures for Stella and Baker lakes were based
on the average value of measurements taken every 3 h during July
2007. The air temperature for each site was recorded using
humidity/temperature USB data loggers (Lascar Electronics). The
Lascar data loggers were housed in a temperature shroud, to shield
them from direct sunlight, and positioned ~15m above the
ground. Measured July air temperatures were based on the average
value of measurements taken every hour during July 2006 and July
2007 for Stella Lake and July 2007 for Baker Lake. The MJAT values
used in calibrating the midge-based inference model were obtained
from the PRISM climate data set (PRISM Group, 2007). The PRISM
model provides climatologies that are useful in complex, moun-
tainous terrain where there is a paucity of high-elevation meteo-
rological stations and where simple lapse rate approximations
would not be sufficient to capture real-world conditions (Daly et al.,
2002) (Fig. 2).

To develop chronological control, 12 stratigraphic samples from
each lake were analyzed for 21°Pb content. A 0.50-1.0 cm sampling
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Fig. 4. (a, b) Relationship between inferred (jack-knifed) and (a) mean July air
temperature (MJAT) obtained from PRISM and (b) residuals (inferred-observed) for
MJAT based on two-component weighted averaging-partial least squares inference
model.

interval was used to constrain the chronologies for the upper
portion of the cores, and a 0.50-1.5 cm sampling interval was used
to constrain the lower portion of the cores. Ages and sedimentation
rates (gcm—2yr—') were calculated using the constant rate of
supply model (CRS), which is most robust in situations where the
sediment accumulation rate changes through the core (Fig. 3a and
b). A large cobble in the Baker Lake sediment core between 4.0 and
5.0 cm may have influenced the determination of the amount of
unsupported 2!°Pb present in this interval and likely accounts for
the existence of a slight reversal in the Baker Lake chronology. The
210pp analysis was carried out by MyCore Scientific Incorporated
(Dunrobin, Ontario, Canada).

Chironomid analysis follows Walker (2001). Subfossil midge
remains were analyzed at 0.50 cm resolution, with a minimum of
50 head capsules analyzed at each interval (Quinlan and Smol,
2001). Identifications were based on Wiederholm (1983), Brooks
et al. (2007), and an extensive reference collection of subfossil
midge remains housed at The Ohio State University. The amount of
sediment processed in order to yield a sufficient number of head
capsules varied between 0.50 and 2.0 mL. The number of head
capsules enumerated from Stella Lake and Baker Lake varied
between 40 and 190 and 25 and 185 per ml, respectively.

The chironomid-based inference model for MJAT was developed
for the Inter-Mountain West (IMW) using a weighted averaging-

Table 2

Values for non-rare taxa (i.e. taxa present in >5% of training set lakes) for: taxon
occurrence (percent of lakes in which taxon was present), the minimum MJAT taxon
was associated with (T-Min), maximum MJAT taxon was associated with (T-Max)
and the beta coefficient values based on square-root transformed data (WA-PLS Beta
transformed) used in the two-component WA-PLS MJAT model.

Taxon name No. Occurrence T-Min T-Max WA-PLS
lakes (%) °0) (°C) Beta
Corynoneura/Thienemanniella 36 46 8.5 153 14.8237
Cricotopus/Orthocladius 49 62 9.1 15.3 10.7832
Doithrix/Pseudoorthocladius 5 6 9.4 13.9 9.21301
Eukiefferiella/Tvetenia 22 28 9.6 15.3 13.0841
Hydrobaenus/Oliveridia 19 24 9.4 139 10.0608
Limnophyes/Paralimnophyes 11 14 9.6 13.9 10.3459
Nanocladius 8 10 11.5 133 11.6782
Parakiefferiella bathophila 17 22 11.2 133 16.8058
Allopsectrocladius/ 20 25 9.1 139 17.9691
Mesopsectrocladius
Psectrocladius 14 18 9.4 15.3 14.8796
(Monopsectrocladius)
Psectrocladius semicirculatus/ 72 91 8.5 139 12.9568
sordidellus
Psectrocladius Walker type 10 13 10.2 15.3 16.9421
Rheocricotopus 14 18 8.7 15.3 14.5054
Synorthocladius 29 37 8.5 133 5.64382
Zalutschia 49 62 8.5 139 12.8158
Heterotrissocladius 52 66 85 153 9.1277
Apedilum 5 6 11.1 15.0 15.4806
Chironomus 67 85 8.5 133 10.4668
Cladopelma 28 35 8.5 153 13.3379
Dicrotendipes 52 66 8.5 15.3 10.9847
Glyptotendipes 5 6 8.7 15.3 —0.332498
Microtendipes 49 62 8.5 15.0 10.6707
Pagastiella 14 18 11.3 15.0 20.5953
Phaenopsectra 8 10 10.3 15.0 20.58
Polypedilum 25 32 10.2 15.3 19.6121
Sergentia 21 27 9.0 15.3 6.34101
Stempellina 4 5 9.6 14.2 6.4333
Stictochironomus 4 5 10.2 149 19.5723
Cladotanytarsus 26 33 8.5 14.2 6.3595
Corynocera near ambigua 15 19 8.5 15.0 9.35219
Corynocera oliveri type 30 38 9.5 15.0 9.30729
Micropsectra 40 51 8.5 15.0 12.7144
Tanytarsus (spp. A/C) 9 11 111 153 19.9012
Tanytarsus type A 8 10 8.5 11.7 1.78189
Tanytarsus type C 18 23 10.2 15.0 12.1652
Tanytarsus type D 5 6 10.0 15.0 25.766
Tanytarsus type E 6 8 10.0 15.0 8.1868
Tanytarsus type G 24 30 8.5 13.0 6.27123
Tanytarsus type H 24 30 8.5 13.0 11.3491
Tanytarsus 78 99 8.5 153 11.455
Paratanytarsus 42 53 8.5 153 9.93223
Procladius 61 77 8.5 14.2 10.8586
Pentaneurini (other) 65 82 8.5 15.0 11.7294

partial least squares (WA-PLS) approach (Birks, 1995). Training set
taxonomy and the details describing the merging of the Sierra
Nevada and Uinta Mountains calibration are available in Porinchu
et al. (2007a). A two-component WA-PLS model provides the most
robust performance statistics for MJAT, with an rjzac]( =0.55,
RMSEP = 0.9 °C, a maximum bias of 1.66 °C and no trend apparent
in the residuals (Fig. 4a and b). The beta coefficients used in the
two-component WA-PLS inference model are presented in Table 2.

Application of any transfer function to down-core assemblages
will provide inferred values for the environmental variable of
interest. The reliability of a quantitative paleoenvironmental
reconstruction can be evaluated by determining for each subfossil
assemblage the total percentage of taxa present down-core that do
not appear in the modern calibration data set. According to Birks
(1998), reconstructions that are based on subfossil assemblages
that have >95% of the subfossil taxa present in the calibration set
are very reliable. There were 17 chironomid taxa present in Stella
Lake and 12 taxa present in Baker Lake; all subfossil taxa present in
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Fig. 5. Distribution along a mean July air temperature (MJAT) gradient of non-rare taxa (i.e. taxa present in >5% of training set lakes) found in the 79-lake Inter-Mountain West
training set with the coldest lakes found at the top of the diagram. Categories of MJAT indicated by roman numerals (i=<9°C; ii=9<10°C; iii=10<11°C; iv=11 <12 °C;
v=12<13°C; vi=13 <14 °C; vii = >14 °C). Lake codes can be found in Porinchu et al. (2002, 2007a).

the short cores were present in the Inter-Mountain West training
set. Another method of evaluating the reliability of inference model
estimates involves determining the proportion of rare taxa present
in the down-core samples (Birks, 1998). A taxon is classified as rare
if it has an effective number of occurrences or Hill's N2 <5 (Hill,
1973) in the calibration set. Taxa with Hill’s N2 values>5 in
a training set can be considered well represented and will likely
provide reliable estimates of temperature optima (Brooks and
Birks, 2001). The taxa present in Stella Lake are well represented in
the IMW calibration set with Hill's N2 diversity index values
ranging between 4.7 and 69. With the exception of Tanytarsus type
B, the taxa present in Baker Lake are well represented in the
training set with Hill’s N2 diversity index values ranging between
17.6 and 69, respectively. Tanytarsus type B is not well represented
in the IMW training set (Hill’s N2 = 1); Tanytarsus type B is present
in eight down-core samples with a mean relative abundance of
8.3%. The program C2 (Juggins, 2003) was used to plot the
chironomid percentage diagram, develop the WA-PLS inference
models and estimate sample-specific error.

The subfossil assemblages present in Stella Lake and Baker Lake
were plotted passively with the IMW training set lakes using
correspondence analysis (CA). Correspondence analysis is a form of
indirect gradient analysis that can be used to determine if down-
core core assemblages are well represented in the IMW training set.
De-trended correspondence analysis (DCA) of the assemblage data
was undertaken to assess the correspondence between composi-
tional turnover and the midge-based temperature reconstructions
for Stella and Baker lakes. The CA and DCA were based on square-
root transformed percentages of all midge taxa present in each
sample in order to maximize the signal-to-noise ratio and stabilize
variances (Prentice, 1980) and were implemented using CANOCO
version 4.0 (ter Braak and Smilauer, 2002).

4. Results
4.1. Midge distribution - calibration set

Porinchu et al. (2007a) described the modern distribution of
subfossil midges in the Inter-Mountain West in relation to summer

surface water temperature (SSWT). The relationship between the
distribution of midges in the Great Basin and MJAT is illustrated in
Fig. 5. There are a number of taxa that are most abundant and typi-
cally restricted to the coldest lakes in the training set (MJAT optima
indicated in parentheses) such as Cladotanytarsus (10.5 °C), Sergentia
(10.8 °C), Synorthocladius (10.9 °C) and Corynocera oliveri (11.2 °C);
whereas, taxa such as Corynoneura/Thienemanniella (12.0 °C),
Pagastiella (12.5 °C), Parakiefferiella bathophila-type (12.5°C) and
Polypedilum (12.6 °C), and are most common and abundant in cali-
bration set lakes that are characterized by relatively high MJAT. There
are a number of taxa that have eurythermic distributions, e.g.
Procladius, Pentaneurini (other) and Psectrocladius semicirculatus/
sordillelus-type.

4.2. Midge percentage diagrams

4.2.1. Stella Lake

A total of 17 midge taxa were identified in the Stella Lake core.
The midge community present in Stella Lake in the early 20th
century (AD 1900-1940) is dominated by Tanytarsus type G and
Tanytarsus (indeterminable) and lesser amounts of P. semi-
circulatus/sordidellus, Procladius, Paratanytarsus and Tanytarsus type
A (Fig. 6a). The presence of Rheocricotopus and Psectrocladius sep-
tentrionalis is restricted to this interval. The midge community
during the mid-20th century (~AD 1940-1970) is characterized
by abundant remains of Tanytarsus type G, Tanytarsus (inde-
terminable) and increasing amounts of P. semicirculatus/sordidellus.
Tanytarsus type H and Paratanytarsus are present at a relatively low
abundance (~5%), Paratanytarsus is nearly extirpated and Tany-
tarsus type A is extirpated. Sergentia appears for the only time at
~AD 1970. An increase in P. semicirculatus/sordidellus and Tany-
tarsus type H (TAH) characterizes Stella Lake during the late-20th
century (AD 1970 - present). Cladotanytarsus mancus group re-
appears in the core along with Cricotopus/Orthocladius and Psec-
trocladius Walker type which are found for the first time in the
upper sediment. Chironomus and Procladius are present throughout
the core at a constant relative abundance of ~5% and 10%,
respectively. The modern midge community, represented by
the uppermost sediment sample, is characterized by a large
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midge training set.

compositional shift, with a reduction in the relative abundance of
Tanytarsus type G and an increase in relative abundance of P. sem-
icirculatus/sordidellus and Tanytarsus type H.

4.2.2. Baker Lake

The midge community in Baker Lake currently consists of a total
of 11 taxa; however, the midge community was relatively depau-
perate in the early 20th century with only 8 taxa present until ~AD
1940 (Fig. 6b). The early 20th century midge community consists
primarily of P. semicirculatus/sordidellus, Procladius and C. mancus
group. A decrease in the relative abundance of P. semicirculatus/
sordidellus and an increase in the relative abundance of Procladius,
Chironomus and Corynoneura/Thienemanniella characterize the
midge community during the mid-20th century (AD 1940-1970).
Taxa such as Tanytarsus type G, Tanytarsus type H and Tanytarsus
type B appear for the first time in the core, albeit at very low levels
(1-5%) during this interval. Pentaneurini, Tanytarsus type G, Tany-
tarsus type H and Tanytarsus type B increase in relative abundance
during the late-20th century; whereas, P. semicirculatus/sordidellus
and C. mancus group decrease. It is notable that Procladius is the
only taxon in Baker Lake that is present at a relatively constant
proportion throughout the core, until the most recently deposited
sample. The abundance of Chironomus, relatively constant post-AD
1940, is approximately three times greater during this interval than
its abundance between 1920 AD and 1940 AD. C. mancus group
comprises approximately 35% of the midge community between
1920 AD and 1975 AD, after which time it decreases in relative
abundance to approximately 20% until AD 2000 when its relative
abundance decreases further to 5%. The abundance of P. semi-
circulatus/sordidellus, which decreases progressively through the
core, is greatest during the early 20th century. The midge
community experiences notable compositional change in the
uppermost sediment, with increases in Tanytarsus type G, Tany-
tarsus type B, Corynoneura/Thienemanniella, and Sergentia and
a decrease in Chironomus.

4.3. Ordination analyses

The subfossil midge assemblages from Baker and Stella Lakes
were plotted passively against the assemblages in the IMW training

set using correspondence analysis (CA) to determine if the Stella
Lake and Baker Lake midge communities are represented in the
regional training set (Fig. 7). The CA bi-plot indicates that the
composition of the 20th century midge communities in Stella Lake
and Baker Lake are located within the ordination space captured by
the Inter-Mountain West calibration set. The eigenvalues for
CA axes 1 and 2 are 0.31 and 0.22, respectively. Measured limno-
logical and environmental data indicate that CA axis 1 appears to
capture specific conductivity and depth gradients, whereas, CA axis
2 captures an MJAT gradient. De-trended correspondence analysis
(DCA) reveals that relatively large sample-to-sample compositional
turnover characterizes the Stella Lake midge community through
the 20th century (Fig. 8). DCA axes 1 and 2 together capture ~15%
and 22% of the variance present in the Stella Lake and Baker Lake
cores, respectively. DCA axis 1 indicates an abrupt change in faunal
composition occurs at both lakes at ~AD 1980. In Stella Lake, the
change in faunal composition at AD 1980 is characterized by an
increase in the relative abundance of Tanytarsus type A, Chironomus,
Paratanytarsus and Cricotopus/Orthocladius. Compositional turn-
over during the 20th century in Baker Lake is uni-directional and of
larger magnitude. Notable faunal turnover occurs post-AD 1980 in
Baker Lake: C. mancus group and Procladius decrease; whereas,
Pentaneurini, Tanytarsus type G and Tanytarsus type B increase in
relative abundance. DCA axis 1 scores for both lakes do not track
their respective chironomid-based MJAT inferences; however,
there is a strong correspondence between MJAT estimates and DCA
axis 2.

4.4. MJAT inference model: temperature estimates and deviations

Estimates of MJAT for the interval common to both cores, AD
1920-2005, are presented in Fig. 8. Sample-specific error estimates
varies between 1.0 and 1.2 °C and 1.0 and 1.7 °C for Stella Lake and
Baker Lake, respectively. Both lakes experienced large fluctuations
in MJAT during the 20th century. Baker Lake is characterized by
fluctuating MJAT between AD 1920 and AD 1940 and below average
MJAT between AD 1940 and AD 1970. Stella Lake is characterized by
highly fluctuating midge-inferred MJAT estimates between AD
1920 and AD 1970 and depressed temperature between ~AD 1970
and AD 1980. MJAT begins to increase at Stella Lake and Baker Lake
at ~AD 1985 and AD 1990, respectively. Consistently above average
temperature characterizes the late-20th century for both lakes. The
rate of temperature change between AD 1920 and AD 2002 for
Stella Lake and Baker Lake was 0.1 °C/100 years and 0.6 °C/100
years, respectively. The rate of warming increased dramatically for
both lakes in the post-AD 1975 interval, with Baker Lake charac-
terized by a rate of warming of 3.6 °C/100 years and Stella Lake by
a rate of 3.7 °C/100 years.

A plot of the deviations of MJAT from the average chironomid-
inferred MJAT for the interval for which well-constrained chro-
nologies are available is presented in Fig. 9. In addition, deviations
from the average July temperature for Nevada Climate Division #2
are also depicted (NCDC, 2007). Although the temporal resolution
of the lake sediment samples (2-8 years/sample) is less than the
annual resolution of the instrumental climate data, Fig. 9 suggests
that similar trends characterize the records, especially during the
late-20th century. Much of the mid-20th century in the region
spanned by Nevada Climate Division #2 was characterized by near-
or below average July temperature; a trend that is apparent in the
reconstructed MJAT for Baker Lake. The late-20th century, specifi-
cally the post-AD 1990 interval, reveals a strong correspondence
between the above average July temperatures recorded in Nevada
Climate Division #2 and the above average MJAT estimates for
Baker and Stella lakes.
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5. Discussion

Alpine and sub-alpine aquatic ecosystems are highly susceptible
to the direct and indirect effects of climate change (Battarbee et al.,
2002; Bradley et al., 2004; Parker et al., 2008). The remoteness of
many high-elevation lakes in the Inter-Mountain West make these
lakes ideal candidates for studying the potential of effects of climate
forcing (Wolfe et al., 2003). Studies have documented anthropo-
genic influence, via nitrogen deposition or climate change, on high-
elevation aquatic ecosystems in western North America (Wolfe
et al., 2003; Nydick et al., 2004; Karst-Riddoch et al., 2005; Por-
inchu et al., 2007b). The duration and thickness of ice cover, along
with the timing of ice-melt directly affect the physical and chemical
characteristics and ecology of high-elevation lakes (Melack et al.,
1997; Karst-Riddoch et al., 2005). For example, longer ice-free
seasons resulting from the later onset and earlier ice-off will lead to
stronger or longer thermal stratification and enhanced or pro-
longed nutrient suspension. This in turn may increase lake
productivity and potentially facilitate the invasion/introduction of
non-native species, which in turn will impact biodiversity and

aquatic ecosystem functioning (Saros et al., 2003; Holzapfel and
Vinebrooke, 2005).

Paleolimnological reconstructions of past climate require
a detailed understanding of the relationship and linkages that exist
between the proxy of interest and climate forcing (Birks, 1998).
A multitude of forcing factors and their potential complementary
effects on aquatic ecosystem composition, structure and function
greatly increase the complexity of interpreting lacustrine records.
For example, aquatic community composition and structure are
influenced by: abiotic processes, e.g. water chemistry, lake depth
and temperature; and biotic processes, e.g. trophic interactions and
competition. The relative role that these processes play varies
spatially and temporally, with the effects of climate and environ-
mental change becoming increasingly important over longer
timescales (Anderson et al., 2008). It is critical to establish whether
the (paleo)-ecological trajectory of an aquatic community at
a specific site is a direct response to climate forcing or a response to
other factors such as vegetation development or changing hydro-
logic regimes. For example, recent work in the Canadian Arctic
suggests that the late-20th century is characterized not only by
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rapid turnover in diatom flora, but that stratification, likely
resulting from a lengthening of the growing season and increased
summer temperatures, may be altering diatom community struc-
ture (Ruhland et al., 2008).

The strengthening of thermal stratification may explain the
concomitant increase in cold stenothermic and thermophilous taxa
that occurs post-AD 1995 at Baker Lake. Repeat measurement of
August water temperature between 2005 and 2007 at Baker Lake,
a well-sheltered lake, indicates that it is currently stratified
(Fig. 10). The upper sediment is characterized by an increase in
Sergentia and Corynoneura/Thienemanniella. Sergentia is typically
associated with cold, oligotrophic arctic lakes (Walker et al., 1997;
Francis et al., 2006) or the bottom waters of deep, temperate lakes
(Porinchu et al., 2002, 2007b). Sergentia has among the lowest
MJAT optima in the Inter-Mountain West calibration set; whereas,
Corynoneura/Thienemanniella, is a thermophilous taxon character-
ized by a relatively high MJAT optima (12.0 °C). Porinchu et al.
(2009) identified a similar pattern, characterized by the concom-
itant increase in cold stenothermic and thermophilous taxa
(Micropsectra and Corynoneura, respectively) in the surface sedi-
ment of a low arctic lake.

A previous study identified notable compositional turnover
during the late-20th century in sub-alpine lakes in the western
Great Basin (Porinchu et al., 2007b). The Baker Lake midge stra-
tigraphy is characterized by the local extirpation of Chironomus.
Chironomus, also known as the ‘blood-worm’ due to the presence
of hemaglobin, is considered an oxy-regulator (Brodersen et al.,
2008). Oxy-regulators can maintain near constant oxygen
consumption in oxygen-poor conditions and therefore can
tolerate low oxygen concentrations, hypoxia, and even anoxia for
periods of time (Brodersen and Quinlan, 2006; Brooks et al.,
2007). Oxygen availability directly affects benthic midge larvae
(Heinis and Davids, 1993) by modulating respiration rates (Bro-
dersen et al, 2004, 2008) and can thereby influence their

distribution (Jonasson, 1984). Kling et al. (2003) suggest that the
regional manifestation of global warming in temperate environ-
ments will likely include enhanced stratification resulting in
increased hypolimnetic oxygen depletion in aquatic environ-
ments. The decrease in Chironomus characterizing recently
deposited sediment (late-20th and early 21st centuries) in sub-
alpine lakes in the eastern Sierra Nevada (Porinchu et al. 2007b)
and in the Uinta Mountains (Porinchu, unpublished data) may be
further indication that lake water stratification is beginning to
affect chironomid community composition in the Great Basin.
Continued monitoring of sub-alpine and alpine lakes in the
western United States is required to more fully substantiate
whether altered midge community composition is a direct
response to climate change, i.e. increasing MJAT, or an indirect
response to climate change, i.e. strengthened lake water stratifi-
cation or lengthening of the ice-free season.

The utility of subfossil midge analysis to reconstruct 20th
century climate variability in sub-alpine lakes in the western Great
Basin has been previously demonstrated (Porinchu et al., 2007b).
The influence of land-use change or nutrient loading via atmo-
spheric deposition of nitrogen as potential drivers of the faunal
turnover identified in these chironomid stratigraphies could not be
ruled out (Porinchu et al., 2007b). The central Great Basin, an
expansive area with limited ranching and agriculture as has expe-
rienced negligible land-use change in the late-20th century, an
interval of dramatic compositional turnover in the midge
community, as evidenced in Stella and Baker Lakes. This study
identifies the occurrence of regionally synchronous changes in site-
specific midge community composition during the late-20th
century, further supporting climate forcing as the driver respon-
sible for these changes. A strong correspondence exists between
DCA axis 2 and the midge-based MJAT estimates; however, it is
important to acknowledge that additional site-specific factors such
as hydrologic balance, lake productivity and water chemistry can
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influence midge community composition (likely captured by DCA
axis 1).

The faunal turnover that characterizes midge communities in
sub-alpine lakes in the western and central Great Basin further
supports exploiting lake sediment archives in GBNP to elucidate
changes in climatic conditions during the 20th and 21st centuries.
Extending these records further into the past, i.e. the middle to
early Holocene, will enable reconstruction of Great Basin paleo-
climate over a longer timescale, put contemporaneous changes into
context and increase our understanding of the linkage between
these localized changes and regional climate dynamics.

6. Conclusions

Chironomid profiles spanning much of the 20th century were
developed for two sub-alpine lakes located in Great Basin National
Park, NV. Notable compositional turnover occurs in Stella and Baker
lakes post-AD 1980. Stella Lake is characterized by increases in
warm water taxa such as P. semicirculatus/sordidellus; whereas, the
midge community in Baker Lake experiences a simultaneous
increase in thermophilous littoral and profundal taxa, Corynoneura/
Thienemanniella and Sergentia, respectively. The decline in Chiro-
nomus, which characterizes the most recently deposited sediment
in these lakes appears to be regionally synchronous, suggests that
lake water stratification may be affecting midge community
composition in the Great Basin. A robust chironomid-based infer-
ence model for MJAT, developed for the Inter-Mountain West of the
United States, applied to the chironomid stratigraphies from Great
Basin National Park, provided high-resolution reconstructions of
the 20th climate regime for the region. Correspondence between
the midge-based inferences and instrumental records, especially
during the late-20th century, substantiates the use of subfossil
midge analysis for Holocene paleotemperatures reconstructions for
the Inter-Mountain West of the United States.

Acknowledgements

We would like to thank Gretchen Baker (Staff Ecologist, GBNP)
and Cindy Nielsen (Superintendent of GBNP) for providing access to
the research sites and facilitating our research, and Terry and
Debbie Steadman for providing logistical support and raft of local
knowledge. We are grateful to Klara Box, Karin Bumbaco, Erica
Harris, Adam Herrington and Jim DeGrand for their able assistance
in the field. We would like to thank Scott Starratt, the PACLIM 2007
special issue editor, and two anonymous reviewers for providing
constructive comments that have helped to improve the paper.
Funds to support this research were provided by The Western
National Park Association (WPNA) and Geography at The Ohio State
University.

References

Anderson, N.J., Brodersen, K.P., Ryves, D.B., McGowan, S. Johansson, L.S.,
Jeppesen, E., Leng, MJ., 2008. Climate versus in-lake processes as controls on
the development of community structure in a low-arctic lake (South-West
Greenland). Ecosystems 11 (2), 307-324.

Barnett, T.P., Pierce, D.W., Hidalgo, H.G., Bonfils, C.,, Santer, B.D., Das, T., Bala, G.,
Wood, A.W., Nozawa, T., Mirin, A.A., Cayan, D.R,, Dettinger, M.D., 2008. Human-
induced changes in the hydrology of the western United States. Science 319
(5866), 1080-1083.

Battarbee, R.W., Thompson, R., Catalan, ]J., Grytnes, J.A., Birks, HJ.B., 2002. Climate
variability and ecosystem dynamics of emote alpine and arctic lakes: the
MOLAR project. Journal of Paleolimnology 28 (1), 1-6.

Birks, H.J.B., 1995. Quantitative paleoenvironmental reconstructions. In: Maddy, D.,
Brew, J.S. (Eds.), Statistical Modelling of Quaternary Science Data. Quaternary
Research Association, London, pp. 161-254.

Birks, HJ.B., 1998. D.G. Frey & E.S. Deevey review #1-Numerical tools in palae-
olimnology - Progress, potentialities, and problems. Journal of Paleolimnology
20 (4), 307-332.

Bradley, R.S., Keimig, F.T., Diaz, H.F,, 2004. Projected temperature changes along the
American cordillera and the planned GCOS network. Geophysical Research
Letters 31 (16).

Brodersen, K.P., Pedersen, O., Lindegaard, C., Hamburger, K., 2004. Chironomids
(Diptera) and oxy-regulatory capacity: an experimental approach to paleo-
limnological interpretation. Limnology and Oceanography 49 (5), 1549-1559.



26 D.E Porinchu et al. / Quaternary International 215 (2010) 15-26

Brodersen, K.P., Quinlan, R., 2006. Midges as palaeoindicators of lake productivity,
eutrophication and hypolimnetic oxygen. Quaternary Science Reviews 25 (15-
16), 1995-2012.

Brodersen, K.P., Pedersen, O., Walker, LR., Jensen, M.T., 2008. Respiration of midges
(Diptera; Chironomidae) in British Columbian lakes: oxy-regulation, tempera-
ture and their role as palaeo-indicators. Freshwater Biology 53 (3), 593-602.

Brooks, S.J., Birks, HJ.B., 2001. Chironomid-inferred air temperatures from Late-
glacial and Holocene sites in north-west Europe: progress and problems.
Quaternary Science Reviews 20 (16-17), 1723-1741.

Brooks, S.J., Langdon, P.G., Heiri, O., 2007. The Identification and Use of Palaearctic
Chironomidae Larvae in Palaeoecology. Quaternary Research Association, Lon-
don, UK, 276 pp.

Daly, C., Gibson, W.P,, Taylor, G.H., Johnson, G.L., Pasteris, P., 2002. A knowledge-based
approach to the statistical mapping of climate. Climate Research 22 (2), 99-113.

Deacon, J.E., Williams, A.E., Williams, C.D., Williams, J.E., 2007. Fueling population
growth in Las Vegas: how large-scale groundwater withdrawal could burn
regional biodiversity. Bioscience 57 (8), 688-698.

Eaton, G., 1982. The basin and range province - origin and tectonic significance.
Annual Review of Earth and Planetary Sciences 10, 409-440.

Francis, D.R., Wolfe, A.P,, Walker, LR., Miller, G.H., 2006. Interglacial and Holocene
temperature reconstructions based on midge remains in sediments of two lakes
from Baffin Island, Nunavut, Arctic Canada. Palaeogeography, Palae-
oclimatology, Palaeoecology 236 (1-2), 107-124.

Glew, J.R., 1991. Miniature gravity corer for recovering short sediment cores. Journal
of Paleolimnology 5, 285-287.

Heinis, F.,, Davids, C., 1993. Factors governing the spatial and temporal distribution
of chironomid larvae in the Marsseveen lakes with special emphasis on the role
of oxygen conditions. Netherlands Journal of Aquatic Ecology 27, 21-34.

Hill, M.O., 1973. Diversity and evenness — unifying notation and its consequences.
Ecology 54 (2), 427-432.

Holzapfel, A.M., Vinebrooke, R.D., 2005. Environmental warming increases invasion
potential of alpine lake communities by imported species. Global Change
Biology 11 (11), 2009-2015.

Intergovernmental Panel on Climate Change, 2007. Summary for policymakers. In:
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor, M.,
Miller, H.L. (Eds.), Climate Change 2007: the Physical Science Basis. Contribution
of Working Group I to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA.

Jonasson, P.M., 1984. Oxygen-demand and long-term changes of profundal zoo-
benthos. Hydrobiologia 115 (AUG), 121-126.

Juggins, S., 2003. Program C2 Data Analysis. University of Newcastle, Newcastle, UK.

Karst-Riddoch, T.L., Pisaric, M.E]., Smol, J.P., 2005. Diatom responses to 20th century
climate-related environmental changes in high-elevation mountain lakes of the
northern Canadian Cordillera. Journal of Paleolimnology 33 (3), 265-282.

Kling, G.W., Hayhoe, K., Johnson, L.B., Magnuson, ].J., Polasky, S., Robinson, S.K,, et al.,
2003. Confronting Climate Change in the Great Lakes Region: Impacts on Our
Communities and Ecosystems. Union of Concerned Scientists and the Ecological
Society of America, Cambridge, Massachusetts, and Washington.

Leung, L.R., Mearns, L.O., Giorgi, F.,, Wilby, R.L,, 2003. Regional climate research: needs
and opportunities. Bulletin of the American Meteorological Society 84, 89-95.

MacDonald, G.M., 2007. Severe and sustained drought in southern California and
the West: present conditions and insights from the past on causes and impacts.
Quaternary International 173, 87-100.

Melack, J.M., Dozier, J., Goldman, C.R., Greenland, D., Milner, A.M., Naiman, R.J., 1997.
Effects of Climate Change on Inland Waters of the Pacific Coastal Mountains and
Western Great Basin of North America, pp. 971-992.

Miller, E.L., Grier, S.P., 1995. Geologic Map of the Lehman Caves Quadrangle, White
Pine County, Nevada. United States Geological Survey, GQ-1758, Scale 1:24,000.

North American Regional Climate Change Assessment Program, 2007. http://www.
narccap.ucar.edu/index.html.

National Climatic Data Center, 2007. ftp://ftp.ncdc.noaa.gov/pub/data/cirs Retrieved
from the World Wide Web November 25, 2007.

Nydick, K.R., Lafrancois, B.M., Baron, ].S., 2004. NO3 uptake in shallow, oligotrophic,
mountain lakes: the influence of elevated NO3 concentrations. Journal of the
North American Benthological Society 23, 397-415.

Parker, B.R., Vinebrooke, R.D., Schindler, D.W., 2008. Recent climate extremes alter
alpine lake ecosystems. Proceedings of the National Academy of Sciences of the
United States of America 105 (35), 12927-12931.

Porinchu, D.F, MacDonald, G.M., Bloom, A.M., Moser, K.A., 2002. The modern
distribution of chironomid sub-fossils (Insecta: Diptera) in the Sierra Nevada,
California: potential for paleoclimatic reconstructions. Journal of Paleolimnol-
ogy 28 (3), 355-375.

Porinchu, D.FE, Moser, K.A., Munroe, J.S., 2007a. Development of a midge-based
summer surface water temperature inference model for the great basin of the
western United States. Arctic, Antarctic and Alpine Research 39 (4), 566-577.

Porinchu, D.F, Potito, A.P., MacDonald, G.M., Bloom, A.M., 2007b. Subfossil
chironomids as indicators of recent climate change in Sierra Nevada, California,
lakes. Arctic, Antarctic and Alpine Research 39 (2), 286-296.

Porinchu, D.F, Rolland, N., MacDonald, G.M., 2009. A 2000 year midge-based
paleotemperature reconstruction from the Canadian Arctic Archipelago. Journal
of Paleolimnology 41, 177-188.

Prentice, LR, 1980. Multidimensional scaling as a research tool in Quaternary
palynology: a review of theory and methods. Review of Palaeobotany and
Palynology 31, 71-104.

PRISM Group, 2007. http://www.prism.oregonstate.edu Retrieved from the World
Wide Web February 8, 2008.

Quinlan, R.,, Smol, J.P,, 2001. Setting minimum head capsule abundance and taxa
deletion criteria in chironomid-based inference models. Journal of Paleo-
limnology 26 (3), 327-342.

Ruhland, K., Paterson, A.M., Smol, J.P., 2008. Hemispheric-scale patterns of climate-
related shifts in planktonic diatoms from North American and European lakes.
Global Change Biology 14 (11), 2740-2754.

Saros, J.E., Interlandi, S.J., Wolfe, A.P.,, Engstrom, D.R., 2003. Recent changes in the
diatom community structure of lakes in the Beartooth Mountain Range, USA.
Arctic, Antarctic and Alpine Research 35 (1), 18-23.

Seager, R, Ting, M.F, Held, I, Kushnir, Y., Lu, ]J., Vecchi, G., Huang, H.P,, Harnik, N.,
Leetmaa, A., Lau, N.C,, Li, C.H.,, Velez, ]J., Naik, N., 2007. Model projections of an
imminent transition to a more arid climate in southwestern North America.
Science 316 (5828), 1181-1184.

Shin, S.I, Sardeshmukh, P.D., Webb, R.S., Oglesby, RJ., Barsugli, ]J., 2006. Under-
standing the mid- Holocene climate. Journal of Climate 19, 2801-2817.

Smith, L.C,, Sheng, Y., MacDonald, G.M., Hinzman, L.D., 2005. Disappearing Arctic
lakes. Science 308 (5727), 1429.

Smol, J.P., Wolfe, A.P,, Birks, HJ.B., Douglas, M.S.V., Jones, V.J., Korhola, A., Pienitz, R.,
Ruhland, K., Sorvari, S., Antoniades, D., Brooks, SJ., Fallu, M.A., Hughes, M.,
Keatley, B.E., Laing, T.E., Michelutti, N., Nazarova, L., Nyman, M., Paterson, A.M.,
Perren, B., Quinlan, R., Rautio, M., Saulnier-Talbot, E., Siitoneni, S., Solovieva, N.,
Weckstrom, J., 2005. Climate-driven regime shifts in the biological communities
of arctic lakes. Proceedings of the National Academy of Sciences of the United
States of America 102 (12), 4397-4402.

ter Braak, CJ.F, Smilauer, P., 2002. Canoco Reference Manual and CanoDraw for
Windows User’s Guide: Software for Canonical Community Ordination (version
4.5). Microcomputer Power, Ithaca, New York.

United States Bureau of Reclamations (USBR), 2008. http://www.usbr.gov/Ic/region/
g4000/NaturalFlow/current.html (accessed 5.09.08).

U.S. Census Bureau, 2008. Table 2: Cumulative Estimates of Population Change for
the United States, Regions, States, and Puerto Rico and Region and State
Rankings: Population Division. U.S. Census Bureau.

Walker, LR., 2001. Midges: chironomids and related Diptera. In: Last, W.M., Smol, ].P.,
Birks, HJ.B. (Eds.), Tracking Environmental Change using Lake Sediments:
Zoological Indicators, IV. Kluwer, Dordrecht, The Netherlands, pp. 43-66.

Walker, LR, Levesque, AJ., Cwynar, L.C., Lotter, A.F,, 1997. An expanded surface-
water palaeotemperature inference model for use with fossil midges from
eastern Canada. Journal of Paleolimnology 18 (2), 165-178.

Westerling, A.L., Hidalgo, H.G., Cayan, D.R.,, Swetnam, T.W., 2006. Warming and
earlier spring increase western US forest wildfire activity. Science 313 (5789),
940-943.

Western Regional Climate Center, 2008. http://www.wrcc.dri.edu/summary/
Climsmnv.html.

Wiederholm, T., 1983. Chironomidae of the Holarctic region. Entomologica Scan-
dinavica Supplement, 457.

Whitebread, D.H., 1969. Geologic Map of the Wheeler Peak and Garrison
Quadrangles, Nevada and Utah. United States Geologic Survey, 1-578, Scale
1:48,000.

Wolfe, A.P.,, Van Gorp, A.C,, Baron, ].S., 2003. Recent ecological and biogeochemical
changes in alpine lakes of Rocky Mountain National Park (Colorado, US.A.
Geobiology 1, 153-168.



